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Quasiparticle thermal conductivities in a type-1l superconductor at high magnetic fields
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We present a calculation of the quasiparticle contribution to the longitudinal thermal conductivities
ky(H,T) (perpendicular to the external figldind x,(H,T) (parallel to the external fiejdas well as the
transversgHall) thermal conductivityk,,(H,T) of an extreme type-Il superconductor in a high magnetic field
(He<<H<H,) and at low temperatures. In the limit of frequency and temperature approaching zero
(2—0,T—0), both longitudinal and transverse conductivities upon entering the superconducting state un-
dergo a reduction from their respective normal state values by the fdétan{, which measures the size of
the region at the Fermi surface containing gapless quasiparticle excitations. We use our theory to numerically
compute the longitudinal transport coefficient in borocarbide and A-15 superconductors. The agreement with
recent experimental data on LulB,C is very good.
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I. INTRODUCTION deep within the mixed state, with the frequency of oscilla-
tions still maintaining the normal-state value, can be attrib-
The low-temperature, high-fieldegion in theH-T phase uted to the presence of a small portion of the Fermi surface
diagram of an extreme type-Il superconductor is the regime&ontaining gapless quasiparticle excitations, surrounded by
where the Landau-level quantization of the electronic enerregions where the gap is largé.
gieswithin the superconducting state is well defined, i.e., the Another useful probe of low-energy excitations in super-
cyclotron energyfw.>A,T,I' where A=A(T,H) is the conductors is a measurement of their thermal transport. The
BCS gap,T is the temperature, anld=I"(w) is the scatter- simultaneous measurements of the field-dependent longitudi-
ing rate due to disorder. This regime should be contrastedal «,(H,T) and transverse,,(H,T) thermal conductivi-
with the more familiar opposite limit of low magnetic fields ties are now experimentally feasible, and can yield informa-
and high temperatures where electrons occupy a huge nurtion on both quasiparticle dynamics and the pairing
ber of Landau levels and where the temperature and/or immechanism. The dependence of transport coefficients on
purity scattering broaden these levels and reduce the signifinagnetic field is currently a hotly debated issue in the scien-
cance of Landau quantization. With the Landau leveltific community in light of the experimental observation of
structure fully accounted for, one discovers a qualitativelyfield-independent plateaus in the longitudinal thermal con-
new nature of quasiparticle excitations at high fields: forductivity of high temperature superconductors at low fields
fields H below but neaH,, the quasiparticle spectrum is (H<H<H¢,).” The field-independent,, is attributed to
gaplessat a discrete set of points on the Fermi surface. Thesthe d,2.,2 pairing mechanism at low fields and to the nodal
gapless excitations reflect a coherent quasiparticle propagatructure of the resulting quasiparticle excitati8fisThe
tion over many unit cells of a closely packed vortex latticepresence of propagating gapless quasiparticles in the super-
with fully overlapping vortex cores:® The presence of such conducting state at low temperatures and high magnetic
low-lying excitations makes agwave, conventional, super- fields should also lead to transport properties qualitatively
conductor in a high magnetic field somewhat similar to andifferent from those found is-wave superconductors at low
anisotropic, unconventional, superconductor with nodes irfields, where the number of thermally activated quasiparti-
the gap. In the low-temperature, high-field regime, howevergles is exponentially small and the only contribution to the
the nodes in the gap reflect thenter-off-massnotion of the  thermal conduction is found along the field direction and
Cooper pairs in the magnetic field, in contrastdavave  originates from the bound states within vortex cores. Re-
superconducting cuprates where such nodes are due to thently, the thermal conductivity of the borocarbide supercon-
relative orbital motion. This gapless behavior in bulk sys- ductor LuNy,B,C was measured down t6=70 mK by
tems is found to persist to surprisingly low magnetic fieldsBoakninet al?in a magnetic field perpendicular to the heat
H* ~(0.2-0.5H,,. Below H* gaps start to open up in the current romH=0 to aboveH =7 T. In the limit of
quasiparticle spectrum, and the system eventually reach@s—0, a considerable thermal transport was observed in the
the low-field regime of localized states in the cores of iso-mixed state of the superconductdd ;<H=<H,,), indicat-
lated, well-separated vorticést the present time the stron- ing the presence of delocalized low-energy excitations at the
gest evidence of the quantization of quasiparticle orbitd=ermi surface. On the other hand, no thermal transport was
within the superconducting state comes from observations afbserved at zero field, a result consistent with sheave
the de Haas—van AlphefHvA) oscillations in various su- superconducting gap without nodes at the Fermi surface.
perconducting materiafsThe persistence of the dHvA signal ~ The purpose of this work is to examine the contribution of
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low-energy quasiparticles to the thermal transport of convenwhere all the energies are measured with respect to the

tional, i.e., extreme type-Il superconductors in the regime othemical potential angy=dy/Jt. Nambu’s two-component
high magnetic fields and low temperatures. The paper is Ofie|d operatorsy,=,(r) are written in a compact notation
ganized as follows: In Sec. Il we develop the Kubo formal-for the sake of brevity. In extreme type-II superconductors,
ism for the transport coefficients within the Landau level 35 soon as the magnetic field satisfi&s H,(T) the vector
pairing mechanism, while in Sec. Il we incorporate disorderpotentialAEA(r) can be safely assumed to be entirely due
into a Green’s function description of a three-dimensionakg the external fieldd=V X A. This holds over most of the
superconductor in a high magnetic field. We use the formaly _ 1 phase diagram. We have used a simple BCS-model
ism of Secs. Il and Il in Sec. IV to examine both longitudi- point interactionV(r,—r,) = —gd(r,—r,) in expressior(4).

nal k,(H,T) andk,(H,T) as well as transverse,,(H,T) ~ To lowest order in the concentration of impurities, the
conductivities in the regime of the freqen€y—0 and the  glectron-impurity interaction can be omitted in computing
temperaturd — 0. Finally, in Sec. V we report on numerical the heat current. The effect of disorder will be included later

calculations of the thermal transport in the borocarbidep the Green's functions for a superconductor. Variational
LuNi,B,C and the A-15 superconductor$i, and compare procedure(3) yields

our theoretical plots with the available experimental data.

!
Il. KUBO FORMALISM IN THE LANDAU LEVEL j(1H=- i i( V' — i)
PAIRING SCHEME 2m| dry Cl
Thermal conductivities can be calculated within the eA
framework of the Kubo formalism as a linear response of a +— | V+ e lpZ(l’)wa(l)ll,:l (5)
system to an external perturbatiti, a7y
ki (Q,T) 1 ImH{ft(Q) for the heat current operator. With this definition it is

— T - 2 0 (1) straightforward to calculate the correlation tensor
T IT;;(1,2;iQ2) within the usual Hartree-Fock approximation

WhereH{ft(Q)zﬂij(iQHQH5), and (i.e., the bare bubble approximatjodefined by

T (L) 2) 4 (2) ! (17))— Gy (1,2)Gyi(2,1),
Hij(m):fd3X1d3X2H”(12;iQ)’ (T (D)2 (2") (1)) — Gj(1,2) Gy )(6)

s whereG,, is the Nambu’s matrix Green’s function. Inserting
(1,25 )=~ J dre'®(T ji(X1,7)j{(x2,0) (20  Eqg.(5) into Eq.(2), and with the help of E¢(6), the current-
0 current correlator becomes

is the spatially averaged, finite temperature thermal current-

current correlation function tensor, aga=1/kgT. In order to I1;;(1,2;0)
derive the heat current operatg(d) andj(2) at the space-

time point 1=(x,,7) and 2=(x,,0) we follow the standard 1 D
s-wave derivation in zero fieltf and generalize it to our case am?B
of a nonuniform gap at high fields. A similar approach was
recently utilized in Ref. 9 for al-wave superconductor in
zero field. The heat current carried by the quasiparticles can
be computed within the standard variational procedure as

eA(l’))

m ci

A(L
+i,u(V1+ec(i )”

X[ 1(Q+ p)| Vot

Cci ci

eA(Z)) _iM<V2/_ eA(2’)”

.

)
V) XTr [136(1,2,Q+ u)736(2,1 , w)]1-1 2200 (7)

from the Lagrangian density wherer; is a Pauli matrixu=27m/ B are bosonic Matsub-
ara frequencies, and=lx;.

(Y Vi~ Vyly) A It was shown in Ref. 1 that the mean-field Hamiltonian

2mci corresponding to the Lagrangian densffyg. (4)] can be

5 diagonalized in terms of the basis functions of the magnetic

+ e |A|2¢T¢ _ i(l/lTl;b — ) sublattice representatiofMSR), characterized by the quasi

2mc ara 2pirera Tara momentumg perpendicular to the direction of the magnetic

field. The eigenfunctions of this representation in the Landau

4) gauge A=H(—vy,0,0) and belonging to thenth Landau
level, are

L= ! Vo' v ©
== om VW Vit 5o

1
- Eg‘//llﬁtal/ﬂalﬂa ’
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1 b nal IL(iQ)=1I1,,(iQ) and transverse(Hall) II,,(i)
br qm(r)= Y expik,{) =—1II,(iQ) current-current correlation functions become
2% LyLyL,

V2! Val

1
b I (iQ)=—— > > (Q+20)?
x> exp(i—xkz—iquby) ’ 4m212g ‘& nic.a
K 2a
n+1 ) )
wk 1y ak \? XTTT [73Gn(kz,Q,iQ +iw) 73
Xexpgi| gyt — X—E I—+qxl+—l
a a . . .
XGn+1(k21q!|w)iTSGnJrl(kZ:q!IQ_'—Iw)
k .
melh ot — 1], @® X 75Gn(Ky Qi )] (10
a

where the+ sign corresponds tbl,,(i(}), the — sign cor-
where £ is the spatial coordinate arid is the momentum responds tall,(i€2), andw=(2m+1)x/3 are electronic
along the field directionA=(a,0) andb=(b,,b,) are the Matsubara frequencies. On the other hand, the longitudinal
unit vectors of the triangular vortex lattides \%ic/eHis the ~ (Parallel to the external magnetic figldurrent-current cor-
magnetic length, andl,L,L, is the volume of the system. relation functionll,,(i{2) becomes
Hm(X) is the Hermite polynomial of orden. Quasimomenta

g are restricted to the first magnetic Brillouin zone MBZ o1 2 2
spanned by vectors Q;=(b,/1%,—b,/I?) and Q, ILAiQ)= am? 2 kE k(Q+20)
=(0,22/12). ’ Mg "o nka
Normal and anomalous Green’s functions for a clean su- X T 73G,(K;,0,i Q +iw) 73GH(K,,0,iw)].
perconductor in this representation can be constructed as (11)
G11(1,2,0)=G(1,2;0) In order to perform the summation over the Matsubara fre-
quenciesw, we introduce a spectral representation for the
=nk2q ¢n,kz,q(1)¢:,kz,q(z)Gn(kzvq;w)v Nambu matrixG,(k,,q,w) as
* An(k;,q,01)
Gn(k;,q, =J doj———, 12
621(1,2;0))5]:1“(1,2;&)) n(Kz,0,w) . w1 fw— @, (12
where the spectral function matrix,(k,,q, ) is defined as
= 2 g d Db, (DR (e G0, P Pa(k .0, 0)
’ 1
9 Ak, q,0)=— ;ImGLet(kz,q,w). (13

wherew = (2m+ 1)x/ B are the electron Matsubara frequen-
cies. Similar expressions can be written for the remainin
two Nambu matrix elements. In writing Eq9) we have
taken into account only diagon@h Landau level index)
contributions to the Green’s functions. This is a good ap-

When the spectral representation of the Green’s functions
%Eq. (12)] is used back in Eq$10) and(11), respectively, we
obtain

proximation in high magnetic fields whee®/A w.<1 and O — f f n+1
the number of occupied Landau levels is not too large, I (1) 4m?1%B n%,q doy | de 2
which is the case for the extreme type-Il systems under con-

sideration. In this situation we are justified in using the di- X Tl m3An(Kz,0, 01) T3An 1 1(Kz, 0, @2)

agonal approximatiofh? in which the BCS pairs are formed
by electrons belonging to mutually degenerate Landau levels T 730+ 1(Kz, 0, 02) T3AN(Kz 0, 02) XS
located at the Fermi surface while the contribution from Lan- (14
dau levels separated liyw, or more is included in the renor-

malization of the effective coupling constant and

[g—g(H,T)].3 As long as the magnetic field is larger than 1

some critical fieldH* (T), the off-diagonal pairing does not CON 2

change the qualitative behavior of the superconductor in a M-A10)= 4am?pB n%,q sz dwlj do;

magnetic field. The critical fieldld* at T~0 can be esti-

mated from the dHVA experiments to be0.5H, for A-15 XTI 73An(Kz, 0, 01) T3AN(K,,0, 2) ] X S,

and ~0.2H,, for borocarbide superconductdts. (15)
When the Nambu matrikEq. (9)] is inserted into Eq(7)

and the space average in Ef) is performed, the longitudi- whereS contains Matsubara sums, i.e.,
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B

> (Q+20)2

w

(IQ+tiw—w)(io—wy)’ (18)

The sum can be evaluated in the standard way by picking U e

the contributions from each of the poles of the summand.
After the analytic continuationQ)—Q +id, we obtain the
retarded functiorS,;,

(2w + 0)°ne (@) — (201~ Q)*ne(wq)
B 0)2_0)1+Q+|5 ’

et 17
whereng(w) is the Fermi function.

In order to obtain the imaginary part oF;;({2) we need
to find an imaginary part 08,¢; when calculating the longi-
tudinal conductivityx,,(,T) and «,£2,T). On the other
hand, sinceS..; enters the expression foil,,({2) in Eq.
(14), we need to find the real part ef S¢;. Using the iden-
tity

1
X+id

1
=P;—|w5(x), (18

and taking the imaginary part of E¢L6), we find that the
diagonal conductivities become

O _Kyy T
T T 4mi2 7 Ga
+te  (20+0)? ng(w)—Ne(w+Q)
Xf dw
—® T2 Q
n+1
XTTr [T3An(kzlq1w+Q)T3An+l(kZ!qvw)
+ 73An11(K;, 0,0+ Q) 13AN(K;,0,0) ] (19
and
Kz T

> K

T 4m?niGq

e (2e+0Q)? ng(w)—Ne(o+Q)
f dw > Q

—o0

XTr [T3An(kzquw+‘Q‘)T3An(kZ1qaw)]- (20)

Similarly, taking the real part of Eq16) with the help of Eq.
(18) yields, for the off-diagonal conductivity,

1 +oo
E f dw

T 4m22 7 Ga

ny

T =

KyX _

><(2w+9)2 Ne(@)—Ne(w+Q)

T2 Q
n+1
XTTr [73Bn+1(K;,0,0+ Q) T3A4(K,,0, 0)
_T3Bn(kz,q,w+Q)T3An+1(kZ,q,w)], (21)
where the functioB,(k,,q,0+ Q) is defined as
e An(kZquwl)
Bn(kz,q,w'f'())—j_C>C dwlm. (22)
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IlI. GREEN'S FUNCTIONS IN THE PRESENCE
OF DISORDER

Before further discussing expressiqi9), (20), and(21),
should go back to the question of spectral functions or,
alternatively, Green’s functions for the superconductor in a
magnetic field. The Green’s functions for the clean supercon-
ductor can be easily found following Ref. 14, with their
“Fourier transforms” in the quasimomentum space ex-
pressed in the Nambu formalism as

1
Gk, giw)=——
(e ale) (iw)2—En(k,,Q)
iw+€n(kz) _Ann(Q)
. . (23)
_Ann(Q) |w_5n(kz)
where
Enp(Kz.0) = pliwe = \er(Ky) +[Ans p e p(@)?,
#2K?
en(k)==—+hw(n+1/2)—u (24)

2m

is the quasiparticle excitation spectrum of the superconductor
in a high magnetic field near pointsk,=*kg,
=\2m[ u—fhw(n+1/2)]/4? calculated within the diagonal
approximation:® where A/fiw.<1. For the quasiparticles
near the Fermi surfacek{~kg,,) it suffices to consider only
the E,, ,—o bands. The gap,,(q), which in the MSR rep-
resentation can be written as

A (=7 by .
> exp{mgk2+2|quby

A S —
nm(d) 2 20T ol %

Howml V2(ax+ mkl@)1],

(25

turns to zero on the Fermi surface at the set of points in the
MBZ with a strong linear dispersion ig. The excitations
from other bandsp+ 0 in Eq.(24), are gapped by at least a
cyclotron energy, and their contribution to the quasiparticle
transport can be neglected at low temperatures
[T<A(T,H)<%w.]. Once the off-diagonal pairing in Eq.
(9) is included, the excitation spectrum cannot be written in
the simple form of Eq(24), and a closed analytic expression
for the superconducting Green'’s function cannot be found.
Nevertheless, when these off-diagonal terms are treated per-
tubatively as in Ref. 3, the qualitative behavior of the quasi-
particle excitations, characterized by the nodes in the MBZ,
remains the same. This statement is correct in all orders of
perturbation theory, and therefore is exact as long as the
pertubative expansion itself is well defined, i.e., as long as
H>H*(T). Once the magnetic field is lowered beld#,
gaps start to open up at the Fermi surface, signaling the
crossover to the low-field regime of quasiparticle states lo-
calized in the cores of widely separated vortites.

— (Gt k/a)212
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In a dirty but homogenous superconductor, with a coherand
ence lengthé much longer than the effective distanég,,
over which the impurity potential changeg/ §,,>1), the K,4AH,T)
superconducting order parameter is not affected by the im- m
purities and still forms a perfect vortex lattice. For such a XX '
system, the bare Green’s function in E§) is dressed via K)“(‘X(H,T) is the thermal conductivity of the normal metal in
scattering through the diagon@orma) self-energy>N(iw)  a magnetic field!
and off-diagonal(anomalous self-energy >4 (q,iw).** A

A (29

I'\2 772 (kgT\?
J— +_
A 15

dressed Green’s function is obtained by replacingith N HT) = 77_2 Ne 412 . 0
andA,(q) with A,,(q) in Eq. (9), where e 3 2m*T (hwe)?+4T2 '
iw=i0o—3N(iw) where ng=(1/271%) = ke, is electronic density in the sys-

tem. On the other hand, the transverse conductivity

Run(@D)=20n(0) + S (i ). (26)  ©oH )=~ ry(H.T) becomes
In order to calculate the spectral functions in Efj9) the ke(H,T) [ 4 r\2 7 3\ [kgT)\?
analytical continuation should be performed so that m: = H\al ts aIVA ]
Xy '

Gret(ky,0,0)=G(k,,qio—w+id), where 3INA(w) (31)
=3NA(iw— w+i6), with the impurity scattering rate in the

superconducting state definedldgs) = —ImS N (). ltwas ~ wherex}, (H,T) is the off-diagonal thermal conductivity of
shown by us in Ref. 14 that the anomalous self-energy doee normal metal in a magnetic field:

not qualitatively change the form of the gap functidp,(q)

at low energies, and therefoB,, (q,w) will be neglected in N 7 N (hawe)?

further calculations. At the same time, the real part of the ny(H,T)= 3 m* w, (h )2+4F2T' (32

. C Cc
normal self-energy®N(w) can be either neglected or ab-

sorbed intoe,(k,). Relations(28), (29), and(31), obtained whed'/A <1 within
the “linearized spectrum aproximation,” tell us that there is
IV. THERMAL CONDUCTIVITIES IN THE T—0 LIMIT still a considerable thermal transport in the mixed state of the

superconductor. This is in stark contrast to the exponential
We are interested in calculating thermal conductivities insuppresion of transport characteristic of an s-wave supercon-
Egs.(19) and(21) in the limit of O — 0 and smalll such that  ductor in zero field. Furthermore, relatio28), (29), and
T<I'(w). In the limit of A — 0 the difference of Fermi func- (31) indicate that when passing from the normal state to the
tions in Eq.(19) becomes superconducting state, both longitudinal and transverse trans-
port coefficients x/T are reduced from their respective
27) normal-state values by the facter(I'/A)? [the term linear
in (T/A)? is negligible at low temparatures even for very
This function is sharply peaked aroung=0 at very low clear_1 superconductdrsThe factor~_(l.“/A)2 measures .the
temperatures, so that we are justified in expanding the intdfaction of the Fermi surfacg containing gapless quasipar-
grand in Eq.(19) and(21) aroundw=0 up to second order ticle excitations af=0. The size ofj is Qete_rmlned by both
in w, and setting the scattering rate to a constrtl ( the total number of_ noples in the excitation spectriin.
=0). In the high-field superconductors the largest contribu{24] and the areas in different branches where the BCS gap
tion to the thermal conductivity comes from the quasiparticle® IS Very small but not necessarily zero. This result, obtained

excitations at the Fermi surface with momeuwtauch that Eere forfthe thern;al coefficien(tjs, i? consistentb\llvith ;he be-
A(q)=max(,l), while the excitations gapped by large avior of some other superconducting observables that mea-

A(q) give exponentially small contributions. Therefore, in sure the presence of low-energy excitations at the Fermi sur-

order to simplify the integration over the MBZ and summa—face' Qne such experimentally confirmed behaviqr i,s the
tion over the Landau level index in Eq&l9) and (21), we reduction of the de Haas—van AlphédHvA) oscillation’s

linearize the excitation spectrufiq. (24)] around nodes at arrr:plituhde in b?thb A-15 and boroca(;bg% sugercqndﬁctors
the Fermi surfac& This enables us to obtain approximate but VNN the sample becomes superconductinge drop in the

analytic expresions for thermal transport coefficients Whichoverall gmplltude in passing from the normal to the super-
capture the qualitative behavior nedr,. Keeping this in conducting state reflects the presence of a small portion of

mind and with the help of the Sommerfeld expansibthe the Femi Sﬁrfaceg COﬂtaigirgg ;:ohegent gapless excita-
longitudinal  conductivity y(H,T)=ky,(H,T) and 1ons while the restis gapped by large
x,{H,T) at low temperatures become

nF(aH-Q)—n,:(w) &n,:
Q Tow

V. COMPARISON WITH EXPERIMENT
r

Ky(H,T) _(4
NHT A

ko (H,T)

2 7m?( . 3)|(keT\? itudi ivi
+ 1= == Recently, the longitudinal thermal conductivity of the bo-
5 A rocarbide superconductor Lupi,C was measured down to
(28) T=70 mK by Boakninet alin a magnetic field from

w
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H=0 to aboveH =7 T. In the limit of T—0, a consider- e
able thermal transport is observed in the mixed state of the — ,
superconductorH ., <H=H,,), indicating the presence of § 1or )
delocalized low-energy excitations at the Fermi surface. The £
authors argue that this observation is strong evidence of a = 5L o/
highly anisotropic gap function in LubB,C, possibly with o /
nodes. On the other hand, no sizable thermal conductivity 0 ‘/
was observed in zero field, the result expected for a super- o 5 4 6 B 10 12 14
conducting gap without nodes. H (Tesla)

The result of Boakniret al. is consistent with the obser-
vation of dHVA oscillations down to fields1* ~H:,/5 in FIG. 1. Magnetic field dependence of the quasiparticle longitu-

YNi,B,C, a close cousin of LuNB,C, as well as in \{Si dinal thermal conductivity computed from E(B3) for LuNi,B,C
where the oscillations persist down to field ~H02/2.4 It (dashed lingand V;Si (full line). Full circles represent experimen-
was shown by us that the drop in the dHVA amplitude ob-tal data of Boakniret aI.(R_ef. 10 Tht_a vertical dotted line ipdicates
served in these experiments can be atributed to the quantizHle normal-superconducting transitiontég, =7 T for LUNi,B,C.
tion of quasiparticle orbits within the superconducting state "€ Upper critical field for ¥Si atH,=18.5 T is not shown. For
which results in the formation of nodes in the gr’aiﬁhis uNi,B,C we have used experimentally determined vaIuesAf_or
quantum regime behavior in field$* <H<H,, is due to =44 rrlel/ andl’'y=0.5A from Ref. 10 as WeILas the effective
the center-off-mass motion of the Cooper pairs, in contrast tcrfgsglm =0.35m, Iri"‘ Ref. 18. For \Si, A=2.6 meV, I'o
. . . =0. meV, andn* = 1.7m, were taken from Ref. 19.
thed-wave or the anisotropiswave, where nodes in the gap
are due to the relative orbital motion. Therefore, it makes
sense to compare the theory developed in this paper with the The dashed line in Fig. 1 shows the magnetic field depen-
experimental data in Ref. 10. A quick check tells us thatdence of the quasiparticle thermal conductiviyT for the
expression (28), where I'(H)/A(H)<1, does not hold borocarbide superconductor LyBi,C in the limit of T—0
through the entire range of fields used in the experimentobtained by a numerical evaluation of E§3), where values
Therefore, wenumericallycompute the longitudinal thermal for the BCS gapA and normal state inverse scattering rate
conductivity directly from Eq(19), without using any addi- T, are taken from Ref. 10. The full circles in Fig. 1 are the
tional aprOXimationS, for both the borocarbide Supercon'experimenta| data of Boaknet a|_10 for the same supercon-
ductor LUNB,C as well as for the A-15 superconductor dquctor. The full line in Fig. 1 shows the theoretical plot ob-
V3Si. o ) _ tained by numerical evaluation of E3) for the A-15 su-
In the limit of 0 —0 andT—0 expressior(19) yields perconductor VSi, where values fors and I’y are taken
from Ref. 19. There is a significant difference in the behavior
kK w T2k of /T in these two superconducting systems, characterized
T 12m ﬁ_wc En: (n+1) by much smaller thermal transport in;$i, when compared
to the transport in LUNB,C in the same range of magnetic
1 1 fields. This observation indicates that the number of gapless
or near-gapless excitations at the Fermi surface in & ¢
very small atH <H,. In order to understand this difference,
(33)  one has to note that in magnetic fields<H* =0.5H, the
number of occupied Landau levels in theSi system is
where the number of Landau levels involved in superconhuge (<4500), and that ¥Si is away from the regime of
ducting pairingn.=Eg /o, varies as a function of mag- coherent gapless excitations of high fields. On the other
netic field. In the borocarbide superconductor LiBJIC n. hand, the number of occupied Landau levels in LUBYC is
can be estimated ag~ 33 atH., andn.~1147 at a field of much smaller £1000), and it seems that there are still many
H=0.2 T (these numbers were obtained using an effectivgjapless excitations left at low fields. It is suprising though
mass of 0.3, and a Fermi velocity ofvg=2.76 that significant thermal transport exists down to
X 10'cm/s, as reported in Ref. 180n the other hand, the H~0.01%H,,, a field much smaller than the critical field
number of occupied Landau levels in the A-15 superconH* =0.2H, for this system, where most of the quasiparticle
ductor V5Si is much largern.~241 atH;,=18.5 T and spectrum should be gapped. Note, however, that a possible
n.~4470 atH=1 T (we used an effective mass of iny  source for such a significant transport at low fields might be
and a Fermi velocity ob=2.8x10’cm/s from Ref. 19 in  the highly anisotropis-wave gap function in LUNB,C, as
this estimatg The scattering rat€’=I'(w=0) in Eq.(33)  suggested in Ref. 10. If there is such anisotropy along one or
is, in general, modified relative to the normal state scatteringnore directions on the Fermi surface, the range of validity of
rateI’y when the system becomes superconducting. Indeedur theory may be extended to fields lower than the simple
the self-consistent calculation &f in Ref. 14 givesI'(H) estimate forH* .2° In this regard, we alert the reader that at
=I'oA(H)/2. We assum& (H)=A\1—-H/H, whichisa the lowest fields in Fig. 1 H~0.04H.,) our theory is
good approximation for the range of fields used in the exstretched to its very limits and its quantitative accuracy di-
periment. minishes.
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VI. CONCLUSIONS gapless or near gapless excitations in a magnetic field. In this

In thi devel . for the lonaitudi respect, thermal conductivities behave similarly to the dHVA
N this paper we develop expressions tor the fongitu Ir]aoscillations, in which the amplitude is also reduced at the

and transverse quasiparticle thermal conductivities for an ey, e rconducting transition. Finally, we numerically compute
treme type-Il superconductor in a magnetic field. We utilizey,q ongitudinal thermal conductivity for two realistic super-
the Landau level formalism of superconducting pairing in conducting systems; the borocarbide LyBC and the A-15
magnetic field to obtain, within the Kubo mechanism of lin- gperconductor ySi. The thermal transport in LubB,C is

ear response to an external perturbation, thermal currentgych Jarger in magnitude than the thermal transport §8iV
perpendicular and parallel to the external magnetic fieldgt the same field. This result indicates that the borocarbide
From there, current-current correlation functions are intro-LuNiszC might still be in the regime of delocalized quasi-
duced within the Matsubara finite temperature mechanism iparticle states even at fields much lower than the critical field
order to derive closed expressions for thermal conductivitiegi* ~0.2H ., (estimated from the dHVA experimeftd). The
kij(£2,T). We examine the transport coefficiemts/T inthe  agreement of our theoretical plot with the experimental data
limits of 0—0 andT—0, and find that there is considerable for LuNi,B,C taken by Boakniret al1° over a wide range of
thermal transport in the mixed state of a superconductor witlields used in the experiment is suprisingly good.

ans-wave symmetry due to the creation of gapless exitations
in the magnetic field. This is in contrast to the zero-field
thermal transport, which is exponentially small forsawave
superconductor with no nodes in the gap. Furthermore, when The authors would like to thank E. Boaknin and L.
passing from the normal state to the superconducting staf&illefer for sharing their knowledge of the subject with us.
the thermal coefficients;; /T become reduced with respect This work was supported by a grant from the Research Cor-
to their normal state values by a factefI'/A)? which mea-  poration (S.D. and T.P.p. and by the NSF Grant No.
sures the fraction of the Fermi surface that contains cohereRMROO-94981(Z.T.).
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